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Throughout the history of agriculture, many new crop species (polyploids or artificial hybrids) have been introduced to diversify products or to increase yield. However, little is known about how these new crops influence the evolution of new pathogens and diseases. Triticale is an artificial hybrid of wheat and rye, and it was resistant to the fungal pathogen powdery mildew (Blumeria graminis) until 2001 (refs. 1-3). We sequenced and compared the genomes of 46 powdery mildew isolates covering several formae speciales. We found that B. graminis f. sp. triticale, which grows on triticale and wheat, is a hybrid between wheat powdery mildew (B. graminis f. sp. tritici) and mildew specialized on rye (B. graminis f. sp. secalis). Our data show that the hybrid of the two mildews specialized on two different hosts can infect the hybrid plant species originating from those two hosts. We conclude that hybridization between mildews specialized on different species is a mechanism of adaptation to new crops introduced by agriculture.
The artificial hybrid triticale was introduced into commercial agriculture in the 1960s. The hexaploid triticale genome is composed of genomes A and B from wheat and the rye genome, R (AABBRR) 3 . Triticale was initially resistant to powdery mildew; however, this pathogen was first observed on triticale in 2001 and has since become a major disease in Europe 1,2 . We sequenced 46 isolates of B. graminis (including the 96224 reference isolate 4 ) from different European countries and Israel (Supplementary Table 1 ) with host ranges corresponding to four different formae speciales, including the previously described rye (B.g. secalis) and wheat (B.g. tritici) powdery mildews. Our infection tests showed that B.g. secalis grows exclusively on rye, whereas B.g. tritici is able to grow on tetraploid (durum) and hexaploid (bread) wheat ( (Fig. 1) that corresponded to the four formae speciales identified in the infection tests. This grouping indicates that gene flow is restricted between formae speciales. Interestingly, the B.g. triticale isolates formed a group distinct from the B.g. tritici isolates. This contradicts the current hypothesis that the host range of B.g. tritici expanded to include triticale through mutation of a few genes 2, 6, 7 . Instead, our analysis shows that B.g. triticale isolates form a specific group with a distinct evolutionary history ( Supplementary  Figs. 27-30 and Supplementary Note).
From genome comparisons, we identified sets of polymorphisms that were fixed in the four formae speciales (polymorphisms shared by all isolates of a particular forma specialis). Such fixed polymorphisms between formae speciales (substitutions) will hereafter be referred to as the 'genotype' of a forma specialis. Interestingly, the B.g. triticale genome consisted of large genomic segments that had the same genotype as B.g. secalis alternating with segments with a B.g. tritici genotype (Fig. 2a,b and Supplementary Figs. 31-33) . Such patterns are characteristic of recent hybrids, reflecting a limited number of recombination events between parental genotypes. Furthermore, analysis of nucleotide diversity in the genomes of the different formae speciales showed that B.g. triticale had a characteristic distribution with multiple peaks that is consistent with the hypothesis of a recent origin by hybridization (Fig. 2c,d Supplementary Fig. 38 and Supplementary Note).
B. graminis, as with most fungi, has two mating types 4 . Because the mating types of B.g. secalis and B.g. tritici have different genotypes, we could trace back the origin of mating types in B.g. triticale. We found that all B.g. tritici partners in the first hybridizations seemed to have been of the MAT1-1-3 mating type whereas the B.g. secalis partners were of the MAT1-2-1 mating type. The MAT1-2-1 locus of the B.g. tritici genotype was acquired by B.g. triticale through one of the backcrosses, whereas the MAT1-1-3 locus of the B.g. secalis genotype was not present in any of the sequenced B.g. triticale isolates ( Supplementary Figs. 39 and 40, and Supplementary Note). These findings are in contrast to those on the plant pathogen Zymoseptoria pseudotritici, whose origin was traced back to a single hybridization event 8 . Unlike Z. pseudotritici, the new forma specialis B.g. triticale likely did not pass through a bottleneck, as the multiple isolates involved in hybridization passed on a considerable proportion of parental genetic diversity (Supplementary Table 4 and Supplementary Note).
On the basis of the number of observed recombination events between the B.g. tritici and B.g. secalis genotypes, we estimated that B.g. triticale isolates underwent between seven and 47 (depending on the isolate) sexual cycles from the origin of the forma specialis ( Supplementary Fig. 41 and Supplementary Note). As B. graminis has a maximum of one sexual cycle per year 4 , we conclude that B.g. triticale originated after the introduction of triticale as a commercial crop in the 1960s, possibly multiple times, and since then different isolates have undergone a different number of sexual generations. Because B.g. triticale is a very recent hybrid, we studied the phylogenetic relationship of its two parents. We estimated the divergence time for the parental formae speciales of B.g. triticale-B.g. secalis and B.g. tritici-using 206 orthologous single-copy genes and found that they diverged between 168,245 and 240,169 years ago ( Supplementary  Fig. 42 , Supplementary Table 5 and Supplementary Note). In contrast, their hosts-rye and wheat, respectively-had already diverged approximately 4 million years ago 9 . This incongruence in the divergence times of a host and pathogen can be due to host tracking: until a few hundreds of thousands of years ago, wheat and rye were still in the host range of a single forma specialis, and divergence into two distinct formae speciales occurred only relatively recently. This history would be consistent with previous findings that the formae speciales B.g. tritici and B. graminis f. sp. hordei diverged approximately 6 million years ago 4 , whereas their hosts, wheat and barley, respectively, diverged at least 2 million years earlier 9 . An alternative explanation could be a recent host jump from wheat to rye or vice versa, followed by the rapid emergence of barriers to gene flow.
Despite our large sequencing effort, the molecular basis for the host range expansion of B.g. triticale remains obscure. Genetic determinants of the expansion of host specificity to triticale are likely located on genomic segments that were inherited from B.g. secalis. Among these genes might be the genetic determinant for the host range expansion of B.g. triticale. Six of the 66 B.g. secalis genes inherited by all B.g. triticale isolates encoded putative effectors (proteins that are secreted into the host cell to facilitate pathogen proliferation) (Supplementary Table 6 and Supplementary Note). In B. graminis, effectors are typically small proteins with short, characteristic motifs that can be identified bioinformatically 4 (through the presence of signal peptide and lack of homology with the protein domains of other organisms). However, transcriptome profiling of B.g. triticale grown npg l e t t e r s B.g. triticale that encompasses the host range of one of its parent species, B.g. tritici (wheat), in addition to triticale. We therefore hypothesized that B.g. tritici could also be a hybrid between a pathogen of tetraploid wheat (B.g. dicocci) and one that infects A. tauschii. However, in contrast to B.g. triticale in which we found genomic segments of the B.g. tritici genotype, we did not find large genomic segments in B.g. tritici isolates that could be assigned to a B.g. dicocci genotype. This absence could be explained by multiple rounds of recombination that have eroded the characteristic pattern of sequence segments. A different approach to test hybridization that is more resistant to the action of recombination makes use of gene genealogies 12 , which have been used to identify hybridization in different organisms 13, 14 . We used coalescent-based methods to calculate the probability of the evolutionary model in which both B.g. tritici and B.g. triticale are hybrids and four alternative models in which there is no hybridization or only one of the two formae speciales is a hybrid [15] [16] [17] [18] . The model depicted in Figure 3 with two hybridizations seems to be the most likely (Supplementary Fig. 48, Supplementary Tables 7 and 8 , and Supplementary Note). However, we cannot completely rule out the possibility that B.g. tritici originated through a more complex untested scenario with multiple past admixture events.
We conclude that B.g. tritici arose sometime after the emergence of bread wheat, probably several thousand years ago, through hybridization of a B.g. dicocci strain and a different, yet unknown mildew strain. Hybridization has been reported to be important for adaptation to new hosts in several fungal and oomycete pathogens [19] [20] [21] [22] [23] [24] . Our data now indicate that hybridization was the causal step in host range expansion to a newly bred or evolved species. It is apparent that coevolution based on hybridization is a likely evolutionary pathway for B. graminis that infects wheat and other grasses, which themselves evolve predominantly through hybridization 25 . It is particularly fascinating that pathogen evolution mirrors evolution on the host side and that the hybrid of two mildews specialized on two different hosts can infect the hybrid plant species originating from those two hosts (Fig. 3) . It is possible that our findings define a more general evolutionary pattern: stem rust (Puccinia graminis) was reported to infect triticale at approximately the same time as B. graminis 26 . Also, in P. graminis, hybridization between formae speciales has been reported to be important for host range determination 27 . It is noteworthy that this pattern of evolution is observed in pathogens of agricultural species. It is possible that agricultural ecosystems increase the possibility that different pathogens co-occur in large populations, thus making hybridization more likely than in natural ecosystems. Many agricultural crops are polyploids and/or contain resistance genes introgressed from wild relatives. Little is known about what determines the durability of such introgressed genes, but hybridization of pathogens of the wild relative with the crop pathogen should be considered in resistance breeding approaches. In addition, in the future production of man-made crops, the genetic resistance of parents should be carefully selected to make resulting hybrids more durably resistant in the field.
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The authors declare no competing financial interests. of models with a different number of parameters, we used three information criteria-the Akaike information criterion 51 (AIC), the corrected AIC (AICc) and the Bayesian information criterion 52 (BIC). These measures give increasing penalties to models containing more parameters.
Estimation of the number of sexual generations from hybridization in B.g. triticale. We estimated the number of sexual generations after hybridization for each B.g. triticale isolate using the following formula modified from Stukenbrock et al. 8 sexual generations (SG) ((NR BGSS)/(2 BGSG)) 0.22
where NR is the number of recombination breakpoints, BGSS is the average length of B.g. secalis segments after two backcrosses (3.3 Mb) and BGSG is the amount of B.g. secalis genome in the B.g. triticale isolate in base pairs. The original formulation in Stukenbrock et al. 8 was
where ALRWFH is the average length of recombinant windows after the first hybridization and ALORW is the average length of the observed recombinant window. We used equation (2) for the calculation of BGSS. We estimated the recombination rate from the genetic consensus map of B.g. tritici, which has a length of approximately 1,800 cM (ref. 28 ). Thus, one expects one recombination event every 10 Mb in a sexual cycle. In turn, after the first hybridization event, we expect segments of B.g. secalis genome sequence with an average length of 10 Mb. In the first backcross, these segments recombine once on average, resulting in parental segments of 5 Mb in length. With the second backcross, each window recombines 0.5 times on average. This results in BGSS being on average 3,333,333 bp for B.g. secalis segments in B.g. triticale after two backcrosses.
In each following generation, B.g. triticale isolates mate with each other, and the probability that a new recombination event can be observed corresponds to the probability that recombination occurs in a region that was inherited from B.g. secalis in one isolate and B.g. tritici in the other. Assuming a proportion of 12.5% for the B.g. secalis genome in B.g. triticale isolates, this is equal to 0.22 (that is, 0.125 × 0.875 × 2).
Adding these terms, equation (2) (3), we obtain equation (1). We defined putative recombination breakpoints as the borders between regions that contained fixed substitutions inherited from the B.g. secalis parent and regions that contained fixed substitutions from the B.g. tritici parent. Here we excluded stretches of fixed polymorphisms that are likely the result of gene conversion events. Gene conversions typically affect fragments of less (1) (1) (2) (2) (3) (3) (4) (4) than 1,000 bp in size. Thus, we ignored groups of polymorphisms of a different parental genotype if they were clustered in a region of less than 1,000 bp in size or single substitutions of one genotype in a region otherwise originating from the other genotype.
The proportion of the genome that was contributed by B.g. secalis (BGSG) was calculated by adding up the sizes of sequence contigs that only contained polymorphisms of the B.g. secalis genotype (Supplementary Note).
